Introduction
============

Quantum dots (QDs) are nanometer-sized inorganic nanomaterials with exceptional optical and electronic properties, which exhibit distinct advantages over traditional fluorescent organic dyes in terms of great signal brightness, high-quantum yield, rock-solid photo-stability, tunable broad excitation, and narrow emission spectra.[@b1-ijn-10-7073],[@b2-ijn-10-7073] QDs have shown great promise in the biomedical applications, including labeling of cellular proteins, sensitive cellular imaging, real-time tracking, fluorescence resonance energy transfer sensors, visible drug carriers, in vivo animal imaging, and cancer theranostics.[@b3-ijn-10-7073]--[@b6-ijn-10-7073] For instance, fluorescent QDs can be conjugated with bioactive moieties (eg, antibodies, peptide, aptamers, and small-molecule ligand) to target specific biologic events and cellular structures, such as labeling neoplastic cells, cell membrane receptors, DNA, and peroxisomes.[@b7-ijn-10-7073]--[@b10-ijn-10-7073]

The increasingly widespread use of QDs in biomedical applications raises concerns about the potential risk of human exposure, interactions with biological systems, and toxicological implications. Nanomaterials with particular physicochemical properties may potentially enter tissues, cells, and organelles, and interact with functional biomolecular structures to induce toxicity.[@b11-ijn-10-7073],[@b12-ijn-10-7073] Previous reports regarding the toxicity of QDs have presented conflicting results. Several papers indicated that certain QDs were cytotoxic, whereas several other in vitro and in vivo studies did not observe QD-induced cytotoxicity.[@b13-ijn-10-7073]--[@b15-ijn-10-7073] The discrepancies in the current literature regarding QD toxicity may be attributed to several factors, including individual differences of physicochemical properties, lack of toxicology-based studies, and a variety of dosage/exposure concentrations.[@b16-ijn-10-7073],[@b17-ijn-10-7073]

It is noted that not all QDs are alike, and each individual type of QDs may have its unique physicochemical properties (eg, composition, size, surface charge, and functionalization), which in turn determines its biological responses.[@b18-ijn-10-7073]--[@b23-ijn-10-7073] For example, particle size was shown to be a determining factor in subcellular distribution and cytotoxicity. Lovrić et al reported that smaller (2.2 nm) cationic cadmium telluride (CdTe) QDs were localized in the nuclear compartment, while larger (5.2 nm) cationic QDs were observed to localize throughout the cytosol; and smaller QDs exhibited more pronounced cytotoxicity than larger QDs at equal concentrations.[@b21-ijn-10-7073] Surface charge has been also considered as an important determinant of biological effects of nanoparticles, including cellular uptake, permeability of physiological barrier, toxicity, absorption, distribution, metabolism, and excretion. However, the specific role of surface charge in different type of nanoparticle systems could be different. For example, Juliano and Stamp reported that negatively charged liposomes were eliminated more rapidly than neutral and positively charged ones, which was explained by the tendency of negatively charged liposomes to coalesce in the presence of proteins and calcium ion in blood plasma.[@b24-ijn-10-7073] Conversely, Xiao et al demonstrated that micelles with high surface charge, either positive or negative, tended to be cleaned up by macrophages, resulting in undesirable high liver uptake; whereas the liver uptake was much lower when the surface charge of micelles was neutral or slightly negative.[@b25-ijn-10-7073] For QDs, the studies focusing on the surface charge effects are very limited, and only a few in vitro studies demonstrated that surface charge might be involved in the endothelium crossing and cellular uptake of QDs.[@b26-ijn-10-7073],[@b27-ijn-10-7073] However, the mechanisms underlying the distinct cellular interactions of various QDs have not been fully addressed. In addition, there has been relatively scant information regarding the effect of surface charge on in vivo behavior of QDs.

In the present study, we comprehensively investigated the roles of surface charge in determining the cellular uptake, in vitro cytotoxicity, and in vivo biodistribution of QDs. Commercially available CdSe/ZnS QDs with different surface coatings, including polydiallydimethylammounium chloride (PDDA, positive charge), carboxylic acid (CA, negative charge), and polyethylene glycol (PEG, neutral), were employed in this study. The precise control in the physicochemical properties of QDs allowed us to evaluate the biological effects of surface charge of QDs under the identical other conditions (eg, the same composition and similar particle sizes). The uptake efficiencies, pathways, and intracellular fates of different charged QDs were examined in MDA-MB-231 breast cancer cells and RAW 264.7 macrophages. The in vitro cytotoxicities of QDs against different cell lines, and the underlying mechanisms were further explored. Finally, the blood clearance, biodistribution, and in vivo toxicity of different charged QDs were investigated in BALB/c mice after intravenous administration. Our study provides invaluable information in designing tailored nanomedicines for diagnostic, imaging, and drug delivery purposes.

Materials and methods
=====================

Materials
---------

CdSe/ZnS QDs coated with positive PDDA (PDDA-QDs, Catalog number QSQ-580), CdSe/ZnS QDs coated with negative CA (CA-QDs, Catalog No QSH-580), and CdSe/ZnS QDs coated with neutral PEG (PEG-QDs, Catalog number QMG-580) were purchased from Ocean Nanotech, LLC (San Diego, CA, USA). Hoechst 33342, LysoTracker Green, and DiOC6(3) were purchased from Thermo Fisher Scientific, Waltham, MA, USA. CellTiter 96^®^ Aqueous Non-Radioactive Cell Proliferation Assay Kit and CytoTox 96^®^ Non-Radioactive Cytotoxicity Assay Kit were purchased from Promega Corporation (Fitchburg, WI, USA). Fluorescein isothiocyanate (FITC) Annexin V Apoptosis Detection Kit was purchased from BD Biosciences. 2′,7′-Dichlorofluorescin diacetate (DCF-DA), endocytosis inhibitors, including chlo-rpromazine (CPZ) hydrochloride, amiloride hydrochloride hydrate, filipin III and all other chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA).

Characterization of QDs
-----------------------

The morphology and particle size of QDs were observed on a Philips CM-120 transmission electron microscope (TEM) (Philips, Eindhoven, Netherlands) operating at an acceleration voltage of 80 kV. QDs were homogeneously dispersed in water, and one drop of the suspension was deposited on a TEM grid, dried, and evacuated before analysis.

The stability in particle size of QDs in fetal bovine serum (FBS) was measured by dynamic light scattering (DLS) and TEM, respectively. QDs with various surface coatings were incubated with 50% FBS for different time periods. The size distribution of QDs in the presence of FBS was measured by DLS (Malvern Instruments, Malvern, UK). The sample was also dropped onto a TEM grid, and the morphology of QDs was observed under a Hitachi TEM system (Hitachi High-Technologies, Ibaraki, Japan).

Cell culture
------------

This study was approved by the local ethic committee of West China Hospital, Sichuan University, and cell lines were purchased from ATCC. MDA-MB-231 cells, RAW 264.7 cells, and BT-20 cells were, respectively, cultured in IL-15, Dulbecco's Modified Eagle's Medium and McCoy's 5A Medium supplemented with 10% FBS, 100 U/mL penicillin G, and 100 mg/mL streptomycin at 37°C using a humidified 5% CO~2~ incubator.

Cellular uptake of different charged QDs
----------------------------------------

MDA-MB-231 cells (1×10^4^) were seeded in 8-well chamber tissue culture slides. When the cells became almost 80% confluent, cells were treated with 40 nM QDs with various surface charges, then incubated in 5% CO~2~ incubator at 37°C for 30 minutes, 1, 2, and 4 hours, respectively. The nuclei were counterstained by Hoechst 33342. Live cells imaging was observed by confocal fluorescence microscopy (Carl Zeiss Meditec AG, Jena, Germany).

Uptake pathways of different charged QDs
----------------------------------------

The effect of temperature block was studied by preincubating the MDA-MB-231 cells at 4°C for 1 hour and treatment with different charged QDs for 2 hours at 4°C. To study the effects of different endocytosis inhibitors on the cellular uptake of QDs, MDA-MB-231 cells were preincubated for 1 hour at 37°C with the following inhibitors at concentrations that were not toxic to the cells: filipin III (1 mg/mL) to inhibit caveolae formation, amiloride (50 mM) to inhibit macropinocytosis, or CPZ (10 mg/mL) to inhibit the formation of clathrin vesicles. Following the preincubation, 40 nM QDs with different surface charges were added into the medium containing the inhibitors, and the cells were incubated at 37°C for 2 hours. The cells were washed three times with ice-cold phosphate buffered saline (PBS), fixed with fresh 4% paraformaldehyde for 10 minutes at room temperature, and the nuclei were stained with 4′,6-diamidino-2-phenylindole. The cells were observed under confocal fluorescence microscopy (Carl Zeiss Meditec AG).

In addition, the effects of temperature and endocytosis inhibitors on the cellular uptake of QDs were quantitatively analyzed by flow cytometry. Briefly, MDA-MB-231 cells (1×10^5^) were seeded in 6-well cell culture plate. When the cells became almost 80% confluent, cells were harvested into different vials to preincubated at 4°C or endocytosis inhibitors for 1 hour. Following the preincubation, QDs with different surface charges (final concentration of 40 nM) were added into the medium that containing the inhibitors and the cells were incubated at 37°C (or 4°C for the low temperature group) for 2 hours. Then, the cells were washed three times with PBS, and subjected to flow cytometric analysis, with the excitation wavelength of 488 nm and the emission wavelength of 580 nm. Approximately 1×10^4^ counts were collected for each sample.

Intracellular location of QDs in live cells
-------------------------------------------

MDA-MB-231 cells and RAW 264.7 macrophages (1×10^4^) were seeded in the 8-well chamber slides. After reaching 80% confluence, the cells were treated with different charged QDs (40 nM). After 2-hour incubation, LysoTracker Green (75 nM) or DiOC6(3) (40 nM) was added in the medium, and the cells were incubated for another 30 minutes, then incubated with Hoechst 33342 for 10 minutes to label the cell nuclei. The cells were rapidly washed with ice-cold PBS and replaced with fresh medium, and then the live cells were observed under the confocal fluorescence microscopy (Carl Zeiss Meditec AG).

Transmission electron microscopy
--------------------------------

MDA-MB-231 cells (1×10^4^) were seeded in the 8-well chamber Permanox^®^ slides and cultivated until 80% confluence. Cells were incubated for 2 hours with different charged QDs (40 nM). Then, the cells were washed and fixed with 2.5% glutaraldehyde in cacodylate buffer (pH 7.2). The samples were postfixed with osmium tetroxide, dehydrated in sequential ethanol solutions, embedded in resin, and finally ultramicrotombed. TEM images were obtained at 80 kV on a Philips CM-120 TEM.

In vitro cytotoxicity and lactate dehydrogenase release
-------------------------------------------------------

MDA-MB-231 cells, BT-20 cells, and RAW 264.7 macrophages (1×10^4^) were seeded in 96-well plates, and exposed for 24 hours with different charged QDs at concentrations ranging from 0 to 40 nM, respectively. After 24-hour incubation with QDs, the cell viability was measured by MTS assay.

MDA-MB-231 cells (5×10^3^) were seeded in 96-well plates and cultivated until 80% confluence, then treated with various QDs at concentrations up to 80 nM. At 24 hours, the supernatant was collected in a 96-well plate to analyze the lactate dehydrogenase (LDH) release by using the CytoTox 96^®^ Non-Radioactive Cytotoxicity Assay.

Hemolysis test
--------------

The suspension of erythrocytes in PBS at 2% was prepared by using freshly harvested mouse blood. Then, 200 µL aliquot of the erythrocytes suspension was mixed with various concentrations of QDs (ranging from 2.5 to 320 nM). Deionized water and PBS solution were used as positive control and negative control, respectively. After 4 hours of incubation at 37°C, the mixtures were centrifuged at 3000 rpm for 5 minutes, and 100 µL of supernatant of all samples were transferred to a 96-well plate. Free hemoglobin in the supernatant was measured by the absorbance at 540 nm using a microplate reader (SpectraMax M2, Molecular Devices LLC, Sunnyvale, CA, USA). The percent hemolysis of red blood cells was calculated using the following formula: $$RBCs\ hemolysis = \frac{OD_{sample} - OD_{negative\ control}}{OD_{position\ control} - OD_{negative\ control}} \times 100.$$

Reactive oxygen species
-----------------------

MDA-MB-231 cells (1×10^4^) were seeded in 8-well chamber Permanox^®^ slides. After reaching 80% confluence, cells were incubated with various concentrations of QDs (from 10 to 80 nM) for 2 hours. Intracellular reactive oxygen species (ROS) was measured using 10 µM DCF-DA. ROS production was qualitatively observed by confocal fluorescence microscope, and the green fluorescence intensity indicated the level of ROS production. For quantitative analysis, the fluorescence intensities of the cells were measured by flow cytometry, and approximately 1×10^4^ counts were collected for each sample.

Mitochondrial membrane potential
--------------------------------

MDA-MB-231 cells (1×10^4^) were seeded in 8-well chamber Permanox^®^ slides. After reaching 80% confluence, cells were incubated with various concentrations of QDs (10, 20, and 40 nM) for 2 hours. After the cells were washed three times with PBS, they were treated with 40 nM of DiOC6(3) for 30 minutes and subjected to fluorescence microscopy imaging.

Apoptosis and cell cycle analysis
---------------------------------

MDA-MB-231 cells (5×10^5^) were seeded onto 6-well plate and incubated for 24 hours in culture medium containing different concentrations of QDs (0.4 and 2 nM). After incubation, cells were washed three times with PBS, trypsinized, and resuspended in PBS. Cells were stained for 30 minutes with Annexin V-FITC and propidium iodide (PI), and then analyzed by flow cytometry. For the cell cycle analysis, cells were fixed in cold 70% ethanol after 24-hour treatment as mentioned earlier. Then, cells were washed with PBS, treated with ribonuclease, and stained with PI (10 µg/mL), followed by flow cytometric analysis. Approximately 1×10^4^ counts were collected for each sample.

In vivo toxicity, blood clearance, and tissue biodistribution
-------------------------------------------------------------

Male BALB/c mice (22--25 g) were purchased from the breeding center of Guangdong Medical Laboratory Animal, People's Republic of China. All animals were kept under pathogen-free conditions according to the Association for Assessment and Accreditation of Laboratory Animal Care guidelines and were allowed to acclimatize for at least 4 days prior to experiments. All animal experiments were performed in compliance with the institutional guidelines and approved by the Animal Use and Care Administrative Advisory Committee of West China Hospital, Sichuan University. BALB/c mice were randomly assigned into four groups (n=4), and they were injected intravenously (bolus injection) with PBS control, PDDA-QDs, CA-QDs, and PEG-QDs, respectively. The injection volume was 1% of body weight (eg, 230 µL QDs was injected into the mice with the body weight of 23 g), and the final injection dose of all QDs was 10 nmol/kg, which is approximately equivalent to 12.5 mg/kg. Twenty microliters of blood were collected from each mouse at 5, 15, 30, 60, 120, and 240 minutes postinjection, respectively. The blood was centrifuged at 2,000 rpm for 5 minutes, and QDs in the serum were detected by the fluorescence measurement using NanoDrop Fluorospectrometer (Thermo Fisher Scientific). Major organs, including heart, liver, spleen, kidney, and brain were harvested at 4 hours or 24 hours postinjection, respectively. Excised organs were frozen in optimal cutting temperature (cryo-embedding medium) at −80°C. The corresponding slices (10 µm) were then prepared with a cryostat, air-dried for 30 minutes, and fixed with 4% paraformaldehyde for 10 minutes. The nuclei were stained with 4′,6-diamidino-2-phenylindole, and the slides were mounted with coverslips and visualized with a confocal fluorescence microscopy.

Statistical analysis
--------------------

Statistical analysis was performed by Student's *t*-test for the comparison of two groups, and one-way analysis of variance for multiple groups, followed by Newman--Keuls test. A value of *P*\<0.05 was considered statistically significant.

Results
=======

Characterization of QDs with various surface coatings
-----------------------------------------------------

According to the information provided by the manufacturer, all three QDs with various surface coatings had the same emission wavelength at 580 nm, and their quantum yield was more than 50%. The zeta potential of PDDA-QDs, CA-QDs, and PEG-QDs were +50 mV, −50 mV, and −10 to 0 mV, respectively. The morphology and particle size of QDs were evaluated under TEM. As shown in [Figure S1](#SD1-ijn-10-7073){ref-type="supplementary-material"}, all three QDs were spherical, and homogeneous in size. The particle size of PDDA-QDs, CA-QDs, and PEG-QDs were all approximately 10 nm in diameter. No precipitation was observed when these QDs were incubated with different buffer, including Borate, Tris, and PBS (data not shown), suggesting their good colloidal stability in aqueous solution. To predict the in vivo stability of QDs after intravenous administration, the particle size distribution of QDs in the presence of FBS (50%) were measured by DLS and TEM, respectively. As shown in [Figure S2](#SD2-ijn-10-7073){ref-type="supplementary-material"}, the particle size of CA-QDs and PEG-QDs in the presence of FBS were uniform and monodisperse, with the average size of approximately 8 nm. However, PDDA-QDs displayed two separate particle size populations in FBS and the average size in one population ranged from 1,000 to 10,000 nm, indicating that PDDA-QDs were not stable in FBS and tended to form large aggregates. Furthermore, this result was consistent with the observation under TEM ([Figure S3](#SD3-ijn-10-7073){ref-type="supplementary-material"}).

Cellular uptake, pathways, and intracellular fates of QDs
---------------------------------------------------------

QDs with different surface charges were incubated with MDA-MB-231 breast cancer cells in the serum-free medium at 37°C for different time points (30 minutes, 1, 2, and 4 hours). Initially, the internalization of QDs was visualized under a confocal fluorescence microscopy. As shown in [Figure 1](#f1-ijn-10-7073){ref-type="fig"}, QDs were gradually taken up by MDA-MB-231 cells in a time-dependent manner. The red fluorescence coming from QDs was detected inside the cytosolic compartments of MDA-MB-231 cells, indicating that QDs were internalized in the cells. The fluorescence intensity indicated the level of the internalization of QDs by cells. The cellular uptake of QDs was not detectable at 30 minutes after the exposure, and gradually increased from 1 to 4 hours. In general, charged QDs (either positive or negative) were taken up dramatically higher than uncharged counterparts in MDA-MB-231 cells, and negatively charged QDs had higher uptake than positively charged ones.

The pathways involved in the uptake process of QDs were next explored. First of all, the cellular uptake of all QDs was an energy-dependent process (active transport), as evidenced by the significant decrease in the uptake of all QDs at low temperature (4°C) (*P*\<0.05). Then, three different endocytosis inhibitors, each known to be specific against a particular endocytic pathway, were employed to determine the cellular uptake mechanisms of the QDs. As shown in the confocal images ([Figure 2A](#f2-ijn-10-7073){ref-type="fig"}), all these endocytosis inhibitors were able to inhibit the cellular uptake of different charged QDs to varying extent, when compared to the corresponding controls without the prior treatment of endocytosis inhibitors. Among them, CPZ inhibited the cellular uptake of all QDs to the greatest extent, indicating that clathrin-mediated endocytosis was likely the dominant route. The inhibition efficiency of QDs uptake by these endocytosis inhibitors was further quantitatively analyzed by flow cytometry. As shown in [Figure 2B](#f2-ijn-10-7073){ref-type="fig"}, when MDA-MB-231 cells were preincubated with filipin III, the uptake of PDDA-QDs, CA-QDs, and PEG-QDs were reduced by approximately 34%, 28%, and −3%, respectively; Similarly, when cells were preincubated with amiloride, the uptake of PDDA-QDs, CA-QDs, and PEG-QDs were reduced by approximately 38%, 34%, and 8%, respectively. More remarkably, when cells were preincubated with CPZ, the uptake of PDDA-QDs, CA-QDs, and PEG-QDs were reduced by approximately 65%, 56%, and 40%, respectively. Taken together, several endocytic pathways were involved in the uptake process of QDs, and clathrin-mediated endocytosis was the dominant one.

The intracellular fates of QDs upon their uptake were further investigated. First, co-localization studies[@b21-ijn-10-7073],[@b28-ijn-10-7073] were performed to track the subcellular localization of QDs. The lysosomes and mitochondria compartments of RAW 264.7 cells were stained with the LysoTracker Green probe and DiOC6(3), respectively. The co-localization of QDs (red) with lysosomes (green) or mitochondria (green) displays yellow fluorescence in the merged images. As shown in confocal images ([Figure 3A](#f3-ijn-10-7073){ref-type="fig"}), all QDs were partially localized in lysosomes but not in mitochondria. Then, the intracellular distribution of QDs was also visualized by TEM ([Figure 3B](#f3-ijn-10-7073){ref-type="fig"}). The fates of QDs in MB-MA231 cells were completely different depending on the surface charge. Pyknosis and karyorrhexis were the characters of cells incubated with PDDA-QDs, and PDDA-QDs mainly dispersed in the cytosol. At the same incubation time, CA-QDs could enter the cells more effectively compared with the other two types of QDs, and most CA-QDs tended to accumulate in endosome and lysosome. PEG-QDs were observed to localize in the cytoplasm and the periphery of vesicles (eg, endosomes, lysosomes, and lipid droplets).

Cytotoxicities and underlying mechanisms of QDs
-----------------------------------------------

The in vitro cytotoxicities of QDs with various surface charges were evaluated by MTS assay. As illustrated in [Figure 4](#f4-ijn-10-7073){ref-type="fig"}, no appreciable cytotoxicity against three different cell lines (RAW 264.7 macrophages, MDA-MB-231, and BT-20 breast cancer cells) were observed for CA-QDs and PEG-QDs at the tested concentrations varying from 1.25 to 40 nM. However, concentration-dependent cytotoxicity was found in the case of PDDA-QDs (*P*\<0.05).

LDH assay was performed to monitor the cell membrane integrity after the treatment of QDs. LDH inside cells is released into the culture medium following the loss of membrane integrity resulting from either apoptosis or necrosis. As shown in [Figure 5A](#f5-ijn-10-7073){ref-type="fig"}, the treatment of positively charged PDDA-QDs in MDA-MB-231 cells led to the release of LDH in a dose-dependent manner, indicating that PDDA-QDs could disrupt the integrity of cell membranes. On the contrary, no LDH release was found in cells treated with both CA-QDs and PEG-QDs at concentrations up to 80 nM.

The hemolytic activities of QDs with various surface charges were evaluated using hemolysis assay. Different charged QDs were incubated with mouse erythrocytes suspension at 37°C for 4 hours, respectively. The results demonstrated that both CA-QDs and PEG-QDs had negligible hemolytic activities at the concentrations ranging from 2.5 to 320 nM, whereas PDDA-QDs exhibited dose-dependent hemolytic properties ([Figure 5B](#f5-ijn-10-7073){ref-type="fig"}).

Dual staining with fluorescent Annexin V, and PI was used to discriminate apoptotic and necrotic cell death. We found that both CA-QDs and PEG-QDs did not induce either apoptosis or necrosis in MDA-MB-231 cells (data not shown), whereas PDDA-QDs induced both apoptosis and necrosis depending on the dose ([Figure 6A](#f6-ijn-10-7073){ref-type="fig"}). At higher concentrations, the necrotic effect of PDDA-QDs became more prominent, with a minimal number of apoptotic cells.

The production of intracellular ROS in cells after exposure to different charged QDs was measured by DCF-DA assay. As shown in confocal images ([Figure 6B](#f6-ijn-10-7073){ref-type="fig"}), negatively charged and neutral QDs did not induce obvious redox stress in MDA-MB-231 cells at concentrations up to 40 nM, when compared with negative control. In contrast, positively charged PDDA-QDs caused significant enhancement in intracellular ROS production at concentrations ranging from 10 to 40 nM. The dose-dependent enhancement of ROS production by PDDA-QDs was further quantitatively confirmed by flow cytometric analysis ([Figure 6C](#f6-ijn-10-7073){ref-type="fig"}).

Since oxidative stress is known to impair mitochondria, the effect of different charged QDs on mitochondrial membrane potential (MMP) in MDA-MB-231 cells was also investigated. [Figure 6D](#f6-ijn-10-7073){ref-type="fig"} demonstrated that only slight reduction of MMP were found for PEG-QDs and CA-QDs at the concentrations up to 40 nM, while obvious reduction of MMP was induced by PDDA-QDs in a dose-dependent manner.

All QDs, regardless of surface charges, did not affect the cell cycle after 24-hour exposure in MDA-MB-231 cells at concentrations up to 10 nM ([Figure S4](#SD4-ijn-10-7073){ref-type="supplementary-material"}).

In vivo toxicity, blood clearance, and biodistribution studies of QDs
---------------------------------------------------------------------

QDs with various surface charges at the dose of 10 nmol/kg (equivalent to 12.5 mg/kg) were injected intravenously into BALB/c mice, respectively. In mice treated with CA-QDs or PEG-QDs, no animal death occurred. However, for PDDA-QDs-treated mice, all the mice died within 24 hours postinjection. This result suggested that the surface coatings of QDs had a profound influence on their in vivo toxicity.

The blood clearance and tissue biodistribution profiles of all QDs in BALB/c mice were next investigated. Due to the intrinsic optical property of QDs, fluorescence detection provides a semiquantitative measurement of QDs behavior in vivo. The fluorescence intensity of QDs in the mouse serum was measured at different time points postinjection. The result in [Figure 7A](#f7-ijn-10-7073){ref-type="fig"} revealed that the surface charge had a dramatic influence on the blood clearance of QDs. Negatively charged and neutral QDs showed similar blood circulation profiles, and their circulation time was approximately 4 hours. In contrast, positively charged PDDA-QDs were almost undetectable in the blood immediately after the intravenous injection. The major organs, including the heart, liver, spleen, kidneys, and brain, were excised for ex vivo microscopic fluorescence imaging at 4 hours or 24 hours postinjection. [Figure 7B](#f7-ijn-10-7073){ref-type="fig"} illustrated the differential uptake of various QDs in different tissues at 4 hours. Compared with PBS control, CA-QDs and PEG-QDs had strong red fluorescence signal in the liver and the spleen, with almost no signal in heart, kidney, and brain. On the contrary, PDDA-QDs had a high uptake in the kidney, other than in the liver and spleen. Notably, PDDA-QDs, but not CA-QDs and PEG-QDs, were found to be present in the brain tissue, suggesting that PDDA-QDs may be able to cross the blood--brain barrier. At 24 hours postinjection, the signal of PEG-QDs in the liver and the spleen was almost undetectable, but that of CA-QDs in both the liver and the spleen remained high ([Figure S5](#SD5-ijn-10-7073){ref-type="supplementary-material"}), indicating that CA-QDs have a much slower elimination rate than PEG-QDs.

Discussion
==========

As the achievements of QDs in biomedical field are inspiring pharmaceutical researchers to develop them as novel nanomedicines for clinical use, we need to evaluate the biological effects of QDs more carefully and comprehensively. To date, only limited studies have been performed to explore the effects of surface charge and chemistry on the biological behaviors of QDs, while many studies report that the surface charge plays a pivotal role in other nanoparticles.[@b25-ijn-10-7073],[@b29-ijn-10-7073] Our present study aimed to investigate the biological effects of various charged QDs and their underlying mechanisms. However, comparison of the uptake of QDs and toxicity could be confounded because of the diversity of QDs being synthesized. Not all QDs are alike and different QDs have their own properties, such as size, shape, composition, surface charge, and surface functionalization. In order to focus on the effect of surface charge, we tried to minimize the potential confounding factors by using commercially available QDs with different surface coatings (PDDA, CA, and PEG), but with the same composition (CdSe core/ZnS shell), particle size, and emission wavelength.

The impact of surface charge on cellular uptake of QDs has been studied sporadically, and the results have been so far controversial. Some groups reported preferential uptake of negatively charged QDs, while others reported high uptake of positively charged QDs.[@b30-ijn-10-7073],[@b31-ijn-10-7073] Our results demonstrated that all QDs with various surface charges were able to be taken up by MDA-MB-231 cells in a time-dependent manner. However, charged QDs had significantly higher cellular uptake than neutral ones, and the negatively charged QDs had the highest uptake among all these QDs. The preferential cellular uptake of charged nanoparticles other than neutral ones not only was found in our QDs study, but also in other nanoparticles, such as albumin particles, and polymeric nanoparticles.[@b25-ijn-10-7073],[@b32-ijn-10-7073] The reason why negatively charged particles have the highest uptake is unknown. This is probably due to the higher hydrophobicity of negative particles compared to the corresponding neutral and positive ones.[@b33-ijn-10-7073]

The mechanisms of QDs cellular entry may be different depending on the surface charge. The blockage of QDs uptake in MDA-MB-231 cells at low temperature suggested that all the QDs entered the cells via active transport. It was previously reported that endocytosis is the major entry route for most nanoparticles including QDs.[@b34-ijn-10-7073] In our study, three different endocytosis inhibitors, including filipin III (caveolae-mediated endocytosis inhibitor), amiloride (macropinocytosis inhibitor), and CPZ (clathrin-mediated endocyto-sis inhibitor), were employed to explore the uptake pathways of these QDs. We found that clathrin-mediated endocytosis was the dominant entry route for all QDs independent of surface charge, although caveolae-mediated endocytosis and macropinocytosis were partially involved in their uptake process. Consistent with our observation in QDs, several other types of nanoparticles, such as FITC-labeled SPION and PEG-polylactic acid, have also been shown to enter cells through clathrin-mediated endocytosis.[@b35-ijn-10-7073],[@b36-ijn-10-7073]

The intracellular localization of QDs with various surface charges was illustrated by both confocal images and TEM observation. QDs were localized in different subcellular compartments (eg, cytoplasm and vesicles) depending on their surface charge. This observation was consistent with previous reports. For example, Xiao et al reported that negatively charged QD655-COOH co-localized with lysosomes upon the cellular uptake in MCF-7 cells.[@b37-ijn-10-7073] Lovrić et al observed that 5.2 nm cationic CdTe QDs localized throughout the cytoplasm of N9 cells.[@b21-ijn-10-7073] Ryman-Rasmussen et al reported that PEG-coated QD 565 dispersed in cytoplasm and the periphery of lipid droplets.[@b38-ijn-10-7073]

One major obstacle to clinical applications of QDs is the concern over their possible cytotoxicity. Surface charge, including charge density and charge polarity, plays a critical role in the cytotoxic action of QDs. We demonstrated that positively charged QDs exhibited much higher cytotoxicity than negatively charged and neutral counterparts in both phagocytic and nonphagocytic cells. Previous studies also reported that positively charged zinc, gold, and silica nanoparticles are more cytotoxic than negative variants of similar size in nonphagocytic and phagocytic cells.[@b39-ijn-10-7073]--[@b41-ijn-10-7073] The cytotoxicity of positively charged PDDA-QDs was not determined by the intracellular uptake. Indeed, the cellular uptake of PDDA-QDs was lower than that of CA-QDs; however, the cytotoxicity of PDDA-QDs was dramatically higher than that of CA-QDs. Clearly, the disastrous cytotoxicity of PDDA-QDs was dominated by the positive surface coating. It has been demonstrated that cationic polymers such as polyethylenimine and poly(L-lysine) may exert their cytotoxicity by inducing necrosis or apoptosis through mitochondria-mediated pathways.[@b42-ijn-10-7073] The potential mechanisms underlying the cytotoxicity of PDDA-QDs were explored in our study. First, PDDA-QDs induced both apoptosis and necrosis, and necrosis dominated at the high dose. Second, PDDA-QDs were able to disrupt the integrity of the cell membrane, which was evidenced by LDH leakage, and hemolytic activity in the cells treated with PDDA-QDs. Third, PDDA-QDs dramatically increased the production of ROS, which will result in serious damage to cell structures, and induce cell death through apoptosis and necrosis. Finally, PDDA-QDs induced the dose-dependent mitochondrial stress (the reduction of MMP) in cells. Mitochondria are organelles that are very sensitive to QDs-induced stress.[@b43-ijn-10-7073]

The effect of surface charge on in vivo toxicity, pharmacokinetics, tissue distribution and elimination of QDs has rarely been interrogated. Herein, we demonstrated that surface coatings had tremendous impact on the biological effects and in vivo fates of QDs. No animal death was found in mice treated with negatively charged and neutral QDs; however, all the mice treated with positively charged QDs were dead within 24 hours postinjection. The reasons responsible for the animal death occurred in the PDDA-QDs group are unknown. Although PDDA has been widely used to construct or decorate different nanoparticles for drug delivery and therapeutic purposes, the toxicities of PDDA with different cores have not been studied.[@b44-ijn-10-7073],[@b45-ijn-10-7073] We suspected that PDDA-QDs- induced animal death was probably attributed to the rapid hemolysis, or the formation of large aggregates, which may occlude the capillary. Tang et al demonstrated that positive QDs displayed severe acute toxicity, and they attributed the toxicity to the coating material PDDA.[@b46-ijn-10-7073] Suresh et al also demonstrated the PDDA-coated Ag nanoparticles were more toxic than other coating nanoparticles, such as biogenic-Ag, oleate-Ag nanoparticles.[@b47-ijn-10-7073] The blood clearance profile of QDs was dramatically affected by the surface charge. The blood circulation time of negatively charged and neutral QDs was 2--4 hours, whereas positively charged QDs were almost undetectable in the blood immediately after the injection. It is possible that positively charged QDs interact with blood cell membranes, serum proteins, form large aggregates, and the large aggregates would be spun down to the bottom of the vials with blood cells when we measured the fluorescence of serum. Furthermore, previous reports have also indicated that positively charged nanoparticles are cleared out from circulation within minutes.[@b48-ijn-10-7073] The tissue distribution and elimination of QDs were also strongly depending on their surface charges. Negatively charged and neutral QDs were mainly trapped in the liver and the spleen, which were ascribed to the clearance of nanoparticles from the blood by cells of the mononuclear phagocyte system.[@b49-ijn-10-7073] In contrast, positively charged QDs had low uptake in both liver and spleen, but with relatively high uptake in the kidney. More importantly, it was unexpected that positively charged QDs were also present in the brain tissue, suggesting they are able to cross the blood--brain barrier. To the best of our knowledge, this is the first case to report that positive charge may facilitate the entry of QDs in the brain. The specific mechanism underlying this phenomenon is unknown yet. It might be ascribed to the opening the tight junctions around the capillaries by positively charged QDs.[@b50-ijn-10-7073] As shown in our study, the tissue-specific distribution of QDs could be readily controlled by modulating their surface charges, and this information will be very useful for the targeted imaging and drug delivery of QDs.

Conclusion
==========

In summary, surface charge had a huge impact on the biological effects of QDs. We demonstrated that charged QDs were taken up higher than neutral counterparts in MDA-MB-231 cells, and negatively charged QDs exhibited the highest uptake among all QDs. All QDs were actively taken up by an endocytic process, and primarily through clathrin-mediated endocytosis. Interestingly, the subcellular localization of QDs upon the internalization was dependent of surface charge. Compared with negatively charged and neutral QDs, positively charged QDs exhibited dose-dependent cytotoxicity, which was probably because they disrupted the cell membrane integrity, induced intracellular ROS and mitochondrial stress. Negatively charged and neutral QDs had much longer blood circulation time than positively charged ones, and they preferentially accumulated in the liver and the spleen. In contrast, positively charged QDs are mainly distributed in kidney, with obvious uptake in the brain. Taken together, our results suggest that the surface charge plays important roles in modulating the biological responses of QDs in view of their biomedical applications.

Supplementary materials
=======================

###### 

TEM images of QDs with various surface charges.

**Note:** The particle size of PDDA-QDs, CA-QDs, and PEG-QDs were all approximately 10 nm in diameter.

**Abbreviations:** CA, carboxylic acid; PDDA, polydiallydimethylammounium chloride; PEG, polyethylene glycol; QDs, quantum dots; TEM, transmission electron microscope.

###### 

The stability of various QDs in fetal bovine serum (FBS, 50%) was monitored by the DLS size distribution measurement.

**Note:** In the presence of FBS, PDDA-QDs tended to form large aggregates, with the average size ranging from 1,000 to 10,000 nm.

**Abbreviations:** CA, carboxylic acid; DLS, dynamic light scattering; PDDA, polydiallydimethylammounium chloride; PEG, polyethylene glycol; QDs, quantum dots.

###### 

The stability of various QDs in FBS measured by TEM observation.

**Note:** After 6-hour incubation with FBS (50%), large aggregates were observed for PDDA-QDs, but not obvious for CA-QDs and PEG-QDs.

**Abbreviations:** CA, carboxylic acid; FBS, fetal bovine serum; PDDA, polydiallydimethylammounium chloride; PEG, polyethylene glycol; QDs, quantum dots; TEM, transmission electron microscope.

###### 

The cell cycle analysis of MDA-MB-231 cells treated with different charged QDs for 24 hours.

**Abbreviations:** CA, carboxylic acid; PDDA, polydiallydimethylammounium chloride; PEG, polyethylene glycol; PI, propidium iodide; QDs, quantum dots.

###### 

The tissue biodistribution of different charged QDs in major organs at 24 hours postinjection.

**Note:** The nuclei were stained by DAPI (blue), and the signal of QDs (red) was acquired with confocal fluorescence microscopy.

**Abbreviations:** CA, carboxylic acid; DAPI, 4′,6-diamidino-2-phenylindole; PEG, polyethylene glycol; QDs, quantum dots.
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![Cellular uptake of various QDs.\
**Notes:** Confocal microscopic images showing the cellular uptake of PDDA-QDs, CA-QDs, and PEG-QDs in MDA-MB-231 cells after different incubation time. The nuclei were counterstained by Hoechst 33342. The red fluorescence intensity indicated the level of the internalization of QDs by cells.\
**Abbreviations:** CA, carboxylic acid; PDDA, polydiallydimethylammounium chloride; PEG, polyethylene glycol; QDs, quantum dots.](ijn-10-7073Fig1){#f1-ijn-10-7073}

![The uptake pathways of different charged QDs in MDA-MB-231 cells.\
**Notes:** The effects of temperature and endocytosis inhibitors on the cellular uptake of QDs were analyzed by confocal fluorescence microscopy (**A**; 200× magnification) and flow cytometry (**B**), respectively. MDA-MB-231 Cells were either preincubated at 4°C for 1 hour, followed by incubation with different QDs at 4°C for 2 hours; or pretreated with different endocytosis inhibitors such as amiloride (50 mM), chlorpromazine (CPZ, 10 mg/mL) and filipin III (1 mg/mL) at 37°C for 1 hour, followed by incubation with different QDs at 37°C for 2 hours.\
**Abbreviations:** AMI, amiloride; CA, carboxylic acid; FIL, filipin; PDDA, polydiallydimethylammounium chloride; PEG, polyethylene glycol; QDs, quantum dots.](ijn-10-7073Fig2){#f2-ijn-10-7073}

![The intracellular distribution of QDs.\
**Notes:** (**A**) Intracellular tracking of different charged QDs in RAW 264.7 macrophages. RAW 264.7 cells were incubated with different charged QDs for 2 hours, and then the cells were labeled with DiOC6(3) (green) or lysosome tracker (green) for 30 minutes before imaging by confocal microscopy. Co-localization of QDs with mitochondria or lysosome appears yellow in merged images, indicating that the QDs locate in the mitochondria or lysosome. 400× magnification. (**B**) TEM images of MDA-MB-231 cells exposed to different charged QDs. MDA-MB-231 cells were exposed to different QDs for 2 hours at 40 nM. The arrows show the location of QDs in the cells.\
**Abbreviations:** CA, carboxylic acid; PDDA, polydiallydimethylammounium chloride; PEG, polyethylene glycol; QDs, quantum dots; TEM, transmission electron microscope.](ijn-10-7073Fig3){#f3-ijn-10-7073}

![The in vitro cytotoxicities of different charged QDs against three cell lines.\
**Notes:** RAW 264.7 macrophages (**A**), MDA-MB-231 breast cancer cells (**B**), and BT-20 breast cancer cells (**C**) were treated with different concentrations of QDs, respectively. After 24-hour incubation, the cell viability was measured by MTS assay.\
**Abbreviations:** CA, carboxylic acid; PDDA, polydiallydimethylammounium chloride; PEG, polyethylene glycol; QDs, quantum dots.](ijn-10-7073Fig4){#f4-ijn-10-7073}

![The LDH toxicity and hemolytic activity of different charged QDs.\
**Notes:** (**A**) LDH release in MDA-MB-231 cells incubated with different charged QDs for 2 hours. (**B**) In vitro red blood cells (RBCs) lysis. Mouse erythrocyte suspension was incubated with different charged QDs for 4 hours at 37°C.\
**Abbreviations:** CA, carboxylic acid; LDH, lactate dehydrogenase; PDDA, polydiallydimethylammounium chloride; PEG, polyethylene glycol; QDs, quantum dots.](ijn-10-7073Fig5){#f5-ijn-10-7073}

![The underlying mechanisms of QDs cytotoxicity.\
**Notes:** Apoptotic or necrotic cell death (**A**) of MDA-MB-231 cells was detected by flow cytometry after 24-hour incubation with PDDA-QDs, followed by Annexin V-FITC and PI dual-staining. Intracellular reactive oxygen species (ROS) production in MDA-MB-231 cells treated with different charged QDs was detected by confocal microscopy (**B**) and flow cytometry (**C**), respectively. Intracellular ROS was measured using 10 µM DCF-DA probe. (**D**) The membrane mitochondria potential of MDA-MB-231 cells was acquired with fluorescence microscopy. Cells were incubated with various concentrations of QDs for 2 hours, and treated with 40 nM of DiOC6(3) for 30 minutes.\
**Abbreviations:** CA, carboxylic acid; DCF-DA, 2′,7′-Dichlorofluorescin diacetate; FITC, fluorescein isothiocyanate; PDDA, polydiallydimethylammounium chloride; PI, propidium iodide; PEG, polyethylene glycol; QDs, quantum dots.](ijn-10-7073Fig6){#f6-ijn-10-7073}

![In vivo blood clearance and tissue biodistribution.\
**Notes:** In vivo blood clearance (**A**) and tissue biodistribution (**B**) of different charged QDs in BALB/c mice after intravenous administration. QDs in the serum were detected by the fluorescence measurement using NanoDrop Fluorospectrometer. The major organs were excised for microscopic examination at 4 hours postinjection. The organ slices (10 µm) were prepared with a cryostat, air-dried for 30 minutes, and fixed with 4% paraformaldehyde for 10 minutes. The nuclei were stained by DAPI (blue), and the signal of QDs (red) was acquired with confocal fluorescence microscopy. Magnification ×200.\
**Abbreviations:** CA, carboxylic acid; DAPI, 4′,6-diamidino-2-phenylindole; PDDA, polydiallydimethylammounium chloride; PEG, polyethylene glycol; QDs, quantum dots.](ijn-10-7073Fig7){#f7-ijn-10-7073}
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